We investigate how the nature of the galaxies that reionized the Universe affects the duration of reionization. We contrast two sets of models: one in which galaxies on the faint side of the luminosity function dominate the ionizing emissivity, and a second in which the galaxies on the bright side of the luminosity function dominate. The faint-end of the luminosity function evolves slowly, therefore the transition from mostly neutral to mostly ionized state takes a much longer time in the first set of models compared to the second. Existing observational constraints on the duration of this transition are relatively weak, but taken at face value prefer the model in which galaxies on the bright side play a major role. Measurements of the kinetic Sunyaev Zeldovich effect in the cosmic microwave background from the epoch of reionization also point in the same direction.
INTRODUCTION
Recent measurements of the Thomson optical depth to the surface of last scattering by the PLANCK satellite (Planck Collaboration et al. 2016) indicate that the reionization of hydrogen in the Universe completed between redshifts ≈ 6-9. The nature of the sources of ionizing photons is currently unknown, with population-III stars (e.g. Sokasian et al. 2004; Loeb & Barkana 2001) ; the first galaxies (e.g. Haardt & Madau 2012; Robertson et al. 2013 ) and quasars (e.g. Madau & Haardt 2015; Mitra et al. 2016 ) plausible candidates. Early galaxies are currently the most popular (Robertson et al. 2015; Bouwens et al. 2015a; Sharma et al. 2016) .
Models of reionization that invoke galaxies as sources start by fitting the UV-luminosity functions observed at high redshift (e.g. Bouwens et al. 2015a ). The corresponding ionizing emissivity is calculated by integrating the fit weighted by a factor known as the 'escape fraction' of ionizing photons to account for absorption in the galaxy by gas and dust. A number of studies (e.g. Robertson et al. 2013) have found that, in order to generate the ionizing emissivity required for reionization, either a relatively high escape fraction has to be assumed (of order 20 per cent or more), or that the luminosity function has to be extrapolated to extremely low luminosities. The latter effectively implies assuming that reionization is driven by a large population of galaxies yet to be discovered. Robertson et al. (2015) argue that with a constant escape fraction of 20 percent and by extrapolating the luminosity function to a UV (1500Å) magnitude of −13, the current PLANCK measurements can be easily accounted for (see also Bouwens et al. 2015a; Mitra et al. 2015) . However, the assumption of a constant escape fraction mahavir.sharma@durham.ac.uk in such models effectively implies a major contribution of ionizing photons from faint, as of yet undetected, galaxies.
There is little theoretical or observational motivation for assuming that the escape fraction is the same for all galaxies. For example the escape fraction of the Milky Way is thought to be much less than 20 per cent, whereas the Lyman Break Analogs (LBAs) observed by (e.g. Borthakur et al. 2014; Izotov et al. 2016) have an escape fraction of 10 per cent. In addition, there is a strong indication that the mean escape fraction evolves with redshift (e.g. Haardt & Madau 2012; Khaire et al. 2016; Faisst 2016; Sharma et al. 2017) in order to explain the shape of the photoionization background inferred from the Lyman-α forest. How the escape fraction depends on other galaxy properties is clearly key in understanding reionization.
Radiation hydrodynamic simulations that compute the escape fraction of simulated galaxies find that the escape fraction is higher when a galaxy is going through a bursty phase of vigorous star formation (e.g. Wise & Cen 2009; Wise et al. 2014; Kimm & Cen 2014; Ma et al. 2016; Trebitsch et al. 2017 ). However they disagree on the details, for example on the exact value of the escape fraction, plausibly because this depends sensitively on the gas distribution on very small scales which are challenging to model. For example Wise & Cen (2009) report that the escape fraction is lower for lower-mass faint galaxies whereas Paardekooper et al. (2011) find the opposite trend (see also Wise et al. 2014; Ma et al. 2016) .
In Sharma et al. (2016 Sharma et al. ( , 2017 we presented a phenomenological model for the dependence of the escape fraction on star formation activity in galaxies. In this model, the escape fraction is linked to the star formation rate surface density (Σ ), since that is the quantity that governs whether the feedback from star formation is able to drive outflows creating channels through which ionizing c 0000 The Authors arXiv:1712.06619v2 [astro-ph.CO] 27 Mar 2018 photons can escape. In such a model, the fainter galaxies that are yet undetected (M1500 −16) make a limited contribution to the total ionizing emissivity, even for a steep faint end slope, because galaxies on the bright side of the luminosity function (already detected in the Hubble deep field) have high escape fractions due to their high star formation activity. These brighter galaxies account for about half of the ionizing emissivity required for reionization (Sharma et al. 2016) . Interestingly, some recent observations support this viewpoint as they find a dependence of escape fraction on the surface density of star formation for some nearby starburst galaxies that have a highΣ (Borthakur et al. 2014; Izotov et al. 2016) . The simulations by Trebitsch et al. (2017) also confirm that supernovae feedback controls the escape fraction of ionizing photons.
In addition to the redshift at which reionization occurred, the duration of the epoch of reionization is a key parameter, as we will show in this Letter. The evolution of quantities such as the volume filling factor of ionized hydrogen and the global HI 21 cm brightness temperature is sensitive to the rate at which the emissivity builds up, which in turn depends on the evolution of the luminosity function of galaxies. The luminosity function evolves much more rapidly at the bright end than at the faint end between redshift 10 and 6 (Bouwens et al. 2015b) . Therefore, the speed at which reionization progresses may indicate whether galaxies on the bright side of the luminosity function provided a larger share of photons than the ones on the fainter side.
In this Letter we investigate the temporal evolution of the ionized fraction based on two sets of analytical models; one in which faint galaxies dominate as sources of ionizing photons and another in which the bright galaxies dominate. An estimate of the duration of reionization can be obtained by studying the evolution of the ionized fraction. We calculate the evolution of ionized fraction and compare with existing constraints obtained from various observations: Lyα dark gap statistics (McGreer et al. 2015) ), the IGM damping wings in a z = 7 quasar (Mortlock et al. 2011) , the damping wing in a Gamma-ray burst (Totani et al. 2014) , galaxy clustering (McQuinn et al. 2007 ), Lyα emitters (Ota et al. 2008; Ouchi et al. 2010 ) and the Lyα emission statistics of galaxies (Caruana et al. 2012; Tilvi et al. 2014; Schenker et al. 2014 ).
The redshift and duration of reionization can also be constrained by the measurement of the brightness temperature of the global HI 21 cm line signal (e.g. Monsalve et al. 2017) . Measurements of this global signal is different from the measurements in its fluctuations targeted by LOFAR (van Haarlem et al. 2013) or SKA (Pritchard et al. 2015) . The global signal can instead be measured using single-dish interferometric experiments, many of which have been proposed in the past two decades (e.g. Bowman et al. 2008; Singh et al. 2017) . A recent study that uses the data obtained from the EDGES experiment (Bowman et al. 2008 ) reported preliminary constraints on the redshift and set a lower limit on the duration of reionization (Monsalve et al. 2017) . On the other hand, the measured amplitude of the patchiness in the kinematic Sunyaev Zeldovich (kSZ) effect twoards the surface of last scattering Zahn et al. e.g. 2012) can be used to set an upper limit on the duration of reionization (Zahn et al. 2012; George et al. 2015) . We compare our models with these recent observational constraints.
This Letter is organised as follows. In section 2 we describe our models and assumptions. In section 3, we present our results on the evolution of the ionized/neutral fraction and compare it with the observations. We conclude our findings in section 4. Table 1 . The functional form of the escape fraction (fesc) used in three of our fiducial models. The variable, fesc, , represents the maximum allowed value of escape fraction for models F10, F14 and B16, and, it corresponds to the value of escape fraction at redshift 7 for models F10z and F14z. H = H(Mcut − M 1500 ) is the Heaviside step function where Mcut is the magnitude at which the escape fraction steps up or down.
The luminosity functions of galaxies is usually fit with a Schechter function (Fig. 1) . Such a function combines a power law at the faint end with an exponential cut off at the bright end. Such fits serve as an input for an ab initio calculation of reionization that begins with an estimate of the total number of UV photons produced at any given redshift, which then can be converted into the number of ionizing photons by a conversion factor calculated from a population synthesis model (e.g. Schaerer 2003 ). The ionizing emissivity is then,
where φ(L1500, z) is the luminosity function (Bouwens et al. 2015b) ; L1500 is the luminosity at 1500Å; L low is the faint end limit of the luminosity that corresponds to a UV-magnitude, M low ; f912 is the conversion factor from L1500 to the luminosity at the Lyman limit, L912 (Schaerer 2003) ; and fesc 1 is the escape fraction of ionizing photons from a galaxy, which may depend on the luminosity (or other properties) of the galaxy. Here, we explore the consequences of this dependence for the history of reionization.
We consider five fiducial models for fesc, summarised in Table 1. In models F10 and F14, galaxies fainter than M1500 = −10 and −14, respectively, have a constant escape fraction, fesc, = 0.2, whereas those brighter than these limits have fesc = 0. Such a choice is inspired by models in which faint galaxies (below the Hubble Ultra Deep field detection limit) are the main drivers of reionization (e.g. Bouwens et al. 2012; Robertson et al. 2013) . In model B16 in contrast, galaxies brighter than M1500 = −16 have a non-zero escape fraction, whereas those fainter than this limit have fesc = 0. We chose these contrasting models to examine whether the nature of the sources affects the reionization history; they are illustrated in Fig. 1 .
The escape fraction may also depend on redshift, in addition to luminosity. In their simulations, Wise et al. (2014) reported a decrease in escape fraction with increasing virial mass thereby finding that the escape fractions are higher for fainter galaxies; in fact, significant ( 10 percent) escape fractions are expected only in the faintest galaxies (M1500 > −10). Moreover, in these simulations, the escape fractions of galaxies are found to increase with increasing redshift (see also Yajima et al. 2011; Ma et al. 2016) . To mimic these results, we consider two additional models, F10z and F14z, Figure 1 . Fits to the UV luminosity functions from Bouwens et al. (2015b) used in this study for redshift z = 6 (solid), 8 (dashed), 10 (dotted); the actual measurements shown as circles, squares and triangles for redshifts 6, 8 and 10 respectively. The luminosity, L 1500 , on the bottom x-axis and the corresponding magnitude, M 1500 , is given on the top-axis. Vertical lines illustrate our fiducial models (Table 1) with arrows indicating the portion of the luminosity function with non-zero escape fraction: black line for models F10 and F10z, blue line for models F14 and F14z, and red line for model B16 (see Table 1 ).
that are similar to F10 and F14 except that the constant escape fraction is replaced with one that evolves with redshift (see Table. 1). This gives us a grand total of five models.
We substitute fesc of these models in Eq.
(1) and calculate the emissivity; the results are plotted in Fig. 2 : models F10, F10z are plotted as black line, F14, F14z as blue lines and B16 as a red line. We have extrapolated the emissivity at redshifts greater than 10, where there are currently no data, and plot the results as a dashed line. For models in which the galaxies on the faint side dominate, the emissivity is approximately constant from redshift 8 to 10. We have assumed it to remain constant up to z = 15, after which it falls rapidly to z = 25. This extrapolation has little effect on our results, basically because the elapsed time is small. Our motivation to distinguish between faint and bright galaxies stems from the dramatic difference in the rate of evolution of the number density of low mass and massive dark matter haloes that host such galaxies; the demarcation mass corresponds to the 'knee' of the Press-Schechter mass function. For example using Fig. 8 in Reed et al. (2007) , the number density of haloes with mass 10 9 M increases by a factor of 5 between z = 10 and z = 8, but at 10 11 M the increase is ∼ 100. Of course we do not know the halo mass function for the observed galaxies; we chose M1500 = −16, approximately two magnitudes fainter than the 'knee' in the observed Schechter luminosity function, to distinguish between 'faint' galaxies whose emissivity evolves slowly and 'bright' galaxies that evolve rapidly. In fact, even if the emissivity for faint galaxies dominated models were to decrease beyond redshift 10, which we think is contrived and not well motivated, such a decrease is unlikely to be as rapid as the nearly exponential rate associated with model B16. We show below that any rate much less rapid than that for model B16 is disfavoured by current data.
Cumulatively down to redshift 6, all of our models produce ap- The evolution of the emissivity of ionizing photons as a function of redshift for our fiducial models, F10 (black), F14 (blue) and B16 (red). The models F10z and F14z are shown as the corresponding thin black and blue lines. The dashed portion of the curves shows the extrapolation that we have adopted at redshifs greater than 10. For models in which faint galaxies dominate (shown by the black and blue curves), the emissivity is assumed to stay constant up to redshift 15 (e.g. Wise et al. 2014; Ma et al. 2016) followed by a decrease of more than 3 orders of magnitudes to redshift 25. Top panel: The cumulative number of photons per hydrogen atom that escape from galaxies up to a given redshift for models F10 (black), F14 (blue) and B16 (red).
proximately the same number of photons, yielding approximately the same redshift of reionization (see Figure 2 , top panel). The emissivity for model B16 shows a steeper increase than in the other four models, a consequence of the fact that the bright side of the luminosity function builds up rapidly with decreasing redshift, whereas the faint side was in existence at an earlier redshift and evolves minimally from redshift 10 to 6. We study the consequences of this on the history of reionization in the next section.
RESULTS

Evolution of the ionized fraction
The mean volume filling factor of ionized regions, QHII, quantifies the history of cosmic reionization. The equation describing its evolution features a source and a sink term,
with the first term the rate at which H II is produced through photoionization, and the second term the rate at which it is lost due to recombinations. Here,ṅγ,esc is the rate at which ionizing photons are emitted per unit proper volume (see Eqn. 1), nH(z) is the mean proper hydrogen number density; the factor 1.08 is to account for the reionization of He I to He II; αB, the recombination coefficient; and C ≡ n Ota et al. 2008; Ouchi et al. 2010 ) and the Lyα emission statistics of galaxies (Caruana et al. 2012; Tilvi et al. 2014; Schenker et al. 2014 ). The light blue-shaded region is inferred from PLANCK (Planck Collaboration et al. 2016) at 95 percent confidence. Pawlik et al. 2009 ). A radiative transfer calculation is required to account for the effects of Lyman Limit Systems (LLSs), or to compute spatial variations in QHII (e.g. Shukla et al. 2016) . Nevertheless, the widely used Eqn. (2) gives a reasonable description of the global reionization history (Haardt & Madau 2012; Robertson et al. 2015; Bouwens et al. 2015a; Mitra et al. 2015; Gnedin 2016 ) (but see Madau 2017 for an improvement on this equation).
We integrate Eq. (2) for our five models and plot the result in Figure 3 . As expected, in model B16, QHII transitions rapidly from mostly neutral to mostly ionized, because the emissivity changes rapidly with redshift. In contrast in the other models, the slowly evolving luminosity function results in a gentle build-up of the emissivity, and consequently the transition in QHII from neutral to ionized takes much longer.
How do these model histories compare to observational data? In Figure 3 , we over plot current observational constraints as data points with error bars. The data points all suggest a decrease in 1 − QHII around z = 7, consistent with the PLANCK limits on reionzation (light blue region). The transition is relatively rapid, from 80 percent neutral at redshift 8, to almost fully ionized at redshift 6. This is the trend seen in model B16, and is caused by the rapid build-up of the emissivity as the bright end of the luminosity function evolves rapidly. The transition is much more gentle in the other models. However, the current data is not very constraining, and better constraints are needed to conclusively rule out a model such as F10 or F14 in which the galaxies on the faint side of luminosity function dominate the ionizing emissivity.
We further quantify the progress of reionization in the models that we have presented by two parameters: the redshift of reionization, zre (defined as the epoch where QHII=0.5) and, the duration of reionization following Planck Collaboration et al. (2016), ∆z = z beg − z end , where z beg and z end are the redshifts at which QHII = 0.1 and QHII = 0.99, respectively. We calculate zre and ∆z for our models and plot them in Figure 4 . Models F10, F14, F10z and F14z, in which galaxies on the faint side of the luminosity function dominate, all yield ∆z 8. Model B16, in which galaxies on the bright side dominate, has a much shorter duration, ∆z 2. Monsalve et al. (2017) use single antenna interferometric observations of the cosmological 21-cm signal, to infer a lower limit on the duration of reionization, ∆z 1. The excluded region is shown as a blue hatched region in Fig. 4 . Interestingly, all our models, as well as most other models in the literature (e.g. Robertson et al. 2015; Mitra et al. 2015) , are well outside of the excluded region. Therefore, current measurements of the 21 cm brightness temperature do not yet rule out such models.
The duration of reionization can also be constrained using the kinetic Sunyaev Zeldovich (kSZ) effect (George et al. 2015) . The theory behind this method is well described by Zahn et al. (2012) : ionized bubbles form around the first stars and galaxies and grow in size with time and eventually overlap. The motion of these bubbles creates secondary anisotropies in the CMB. The amplitude of the spatially inhomogeneous kSZ power is sensitive to the duration of reionization, ∆z, and, with this method, an upper limit on ∆z can be placed. George et al. (2015) measured the amplitude of patchiness in the kSZ power spectrum using the SPT survey, and derived an upper limit on the duration of reionization of ∆z 5; this limit has been recently improved by Planck Collaboration et al. (2016) to ∆z 4.8. The corresponding excluded region is the red hatched zone in Fig. 4 . Models F10, F10z, F14 and F14z, in which the galaxies on the faint side dominate reionization, are clearly ruled out by these constraints.
SUMMARY AND CONCLUSION
A number of studies suggest that faint galaxies, mostly below the current detection limit of the Hubble Deep Field, were responsible for reionization (e.g. Ciardi (2016) based on measurements of the kSZ effect and electron scattering optical depth is depicted as a magenta hatched zone. The blue hatched zone represents the region excluded by using the measured global HI 21 cm brightness temperature by Monsalve et al. (2017) ; they use a different definition for the duration of reionization which is ∆z = (dQ HII /dz) −1 | Q HII =0.5 . Using this definition for our models has little effect on the resulting ∆z. Robertson et al. 2013 ). Such faint galaxies will be challenging to detect, even with the James Webb Space Telescope (Gardner et al. 2006 ). Here we argued that current data favour a model in which it is the brighter galaxies that dominate.
Our conclusions are based on computing the rate at which the ionizing emissivity builds-up (Fig. 2) , contrasting models in which galaxies fainter than UV-magnitude M1500 = −14 dominate (models F10 and F14), versus models in which galaxies brighter than M1500 = −16 dominate (model B16). The faint-end of the luminosity function evolves slowly, therefore in models F10 and F14 the reionization process is more extended in redshift as the ionizing emissivity increases only slowly with decreasing redshift, yielding ∆z 8. In contrast, the bright end of the luminosity function evolves more rapidly, and the reionization process is much less extended in redshift for model B16 (∆z 2).
Observationally, ∆z can be constrained by measurements of the global 21 cm brightness temperature (Monsalve et al. 2017 ) (∆z 1) and by the measurements of the amplitude of the patchiness of the kinetic Sunyaev-Zeldovich effect (George et al. 2015; Planck Collaboration et al. 2016 ) (∆z 4.8). These limits clearly disfavour models such as F10 and F14, in which galaxies on the faint-side of the luminosity function dominate.
Recent theoretical studies (e.g. Sharma et al. 2016 Sharma et al. , 2017 suggest that galaxies on the bright side of the luminosity function may have produced a greater share of the ionizing emissivity than previously thought. Star forming galaxies at the bright side of the luminosity function are likely to undergo star bursts which drive outflows, thereby facilitating the escape of ionizing photons. This viewpoint is also supported by recent reports of the detection of high escape fraction in local star burst galaxies by Borthakur et al. (2014) ; Izotov et al. (2016) .
In a scenario such as that represented by our model B16, in which the galaxies on the bright side of the luminosity function dominate the ionizing emissivity, reionization progresses rapidly within a short duration (∆z 2) (lower panel of Fig. 3) , which satisfies the constraints on duration placed by measurements of the 21 cm brightness temperature as well as by the measured amplitude of the patchiness in the kSZ effect (Fig. 4) . This suggests that the galaxies on the bright side of the luminosity function (brighter than M1500 = −16) were the dominant contributors to cosmic reionization. Such galaxies will be easier to study observationally.
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